ABSTRACT Current models of galaxy evolution suggest that feedback from active galactic nuclei is needed to explain the high-luminosity cutoff in the galaxy luminosity function. Exactly how an AGN outflow couples with the ambient medium and suppresses star formation remains poorly understood. However, we have recently uncovered an important clue to how that coupling might work. Observations of Hα emission and blue light from the universe's most luminous galaxies, which occupy the centers of galaxy clusters, show that star formation happens only if the minimum specific entropy of the intracluster gas is 30 keV cm 2 . Here we suggest that this threshold for star formation is set by the physics of electron thermal conduction, implying that conduction is critical for channeling AGN energy input toward incipient star-forming regions and limiting the progress of star formation.
INTRODUCTION
What determines the upper limit to the luminosity of a galaxy? This question has received a great deal of attention lately because the answer seems to involve feedback from a galaxy's nucleus. Semi-analytic models of galaxy formation show that feedback of some kind is necessary to account for the observed characteristics of the galaxy luminosity function. Models without feedback overpredict the number of both low-luminosity and high-luminosity galaxies. Plausible amounts of feedback from supernovae bring predictions for low-luminosity galaxies into agreement with observations, but getting things right at the high-luminosity end is more difficultthe amount of supernova feedback needed to quench star formation in these systems is implausibly large (Benson et al. 2003) . Numerical simulations of galaxy formation treat the physics of merging and cooling more realistically but still do not solve the problem of the highluminosity cutoff. In current simulations, late-time cooling of hot gas in the central galaxies of clusters produces so many stars at z ∼ 0 that the galaxies have luminosities several times larger than the observed cutoff in the galaxy luminosity function and colors that are much too blue (e.g., Saro et al. 2006) .
A closely related cooling problem has long bedeviled our understanding of galaxies and galaxy clusters, and X-ray observations strongly suggest that the solution lies with active galactic nuclei. In roughly half of nearby clusters, the cooling time at r 100 kpc is less than a Hubble time, implying that gas at the center of the cluster must cool and condense, if there is no mechanism to offset cooling. However, the star-formation rates in these systems are at most 1% to 10% of the expected gas condensation rate, and X-ray spectroscopy shows that the the bulk of the central gas remains suspended at temperatures 1/3 of the virial temperature (see Peterson & Fabian 2006 , for a review). High-resolution imaging with Chandra has revealed that many clusters and giant elliptical galaxies with short central cooling times also have cavities in their ICM that coincide with radio-emitting plasma outflows from the active nucleus in the central galaxy. In many cases the AGN energy output inferred from these cavities is similar to the X-ray cooling rate of the central gas-a strong piece of circumstantial evidence in favor of AGN feedback as the mechanism that limits cooling and star formation in high-mass halos (Bîrzan et al. 2004; McNamara & Nulsen 2007) . Not all clusters with short central cooling times have obvious cavities, but that finding can be understood if AGN heating is episodic.
The most recent versions of semi-analytic models have therefore incorporated schematic implementations of AGN feedback and find that "radio-mode" feedback is a plausible explanation for both the observed cutoff in the galaxy luminosity function and the fact that the largest galaxies in the universe are red, not blue (Croton et al. 2006; Bower et al. 2006) . To match the observations, radio-mode feedback must occur preferentially in hightemperature systems and must provide enough feedback energy to suppress star formation without making many stars. In this context, AGN feedback is most effective in systems experiencing hot-mode accretion because an extended hot galactic atmosphere is necessary to halt and thermalize the energy of the AGN outflow.
Here we consider the implications of two recent studies showing that star formation in brightest cluster galaxies (BCGs) is closely linked to the entropy 1 structure of the intracluster medium (ICM). Section 2 presents evidence that star formation occurs only in BCGs whose central entropy is 30 keV cm 2 , equivalent to a cooling time 5 × 10 8 years. The star formation rates in these sys- tems are generally much smaller than the gas cooling rates in the absence of feedback, and understanding why star formation still proceeds at a reduced rate is likely to tell us something about the coupling between AGN feedback and the ICM. In section 3 we suggest that the critical central entropy threshold for star formation is determined by electron thermal conduction, because multiphase structure cannot persist in the ICM if the central entropy is much larger than the observed threshold. If conduction is indeed responsible for governing the rate of star formation, then it is also likely to be a major conduit of thermal energy in the cluster core and a crucial part of the AGN feedback loop. Section 4 summarizes the paper.
THE STAR-FORMATION THRESHOLD IN BRIGHTEST CLUSTER GALAXIES
Star formation in brightest cluster galaxies has long been known to correlate with the central cooling time of the host cluster. Hu et al. (1985) showed that Hα nebulosity is present in a BCG only if the cluster's cooling time is less than a Hubble time, and much of the Hα emission seen in these objects can be attributed to photoionization by hot stars (e.g., Johnstone et al. 1987; McNamara & O'Connell 1989; Voit & Donahue 1997) . While it is possible that some of the Hα comes from other sources like conductive interfaces (e.g., Sparks et al. 2004) , turbulent mixing layers (Begelman & Fabian 1990) , or cosmic rays Ferland et al. 2008) , there is a clear connection between Hα emission and the presence of extended excess blue light within the BCG (e.g., Cardiel et al. 1998 ). Furthermore, clusters with short central cooling times also often have substantial CO luminosities, indicating that they contain enough cool molecular gas to support the observed level of starformation (Edge 2001) .
Two recent studies have brought the star-formation threshold into sharper focus. One is a Chandra archival survey of galaxy clusters by Cavagnolo et al. (2008) that measured the radial entropy profiles of 222 galaxy clusters, fitting them with the three-parameter expression
Here we will refer to K 0 as the central entropy, although in some cases it is not necessarily the minimum entropy level of the ICM but rather the entropy scale at which the radial profile departs from the best-fitting power law at large radii. 
The transition to Hα emission and star formation is sharp in both cases, but it is not yet clear whether the threshold ought to be expressed in terms of central entropy or central cooling time. Here we are presenting the results as a function of central entropy because we are going to interpret them in terms of the ICM entropy structure in the next section. However, it is interesting that the central cooling times at which Hα and blue light appear are substantially smaller than 10 10 years. Simply having gas that is able to cool within a Hubble time is not enough for star formation in a BCG. Some other more restrictive condition must also be satisfied.
It is also interesting that in both figures there are clusters with central entropy < 20 keV cm 2 and cooling time < 3 × 10 8 years that do not show evidence for star formation. Low entropy and a correspondingly short cooling time are therefore not sufficient to guarantee star formation. Rafferty et al. (2008) present evidence suggesting that star formation proceeds only if the AGN heating rate is less than the gas cooling rate and the central galaxy is close to the X-ray brightness peak.
CONDUCTION AND THE CONDITIONS FOR A MULTIPHASE ICM
We suspect that the critical entropy threshold for multiphase gas and star formation in BCGs may result from electron thermal conduction. Cool star-forming clouds should appear only in systems whose size is greater than a critical length scale, known as the Field length, below which thermal conduction smoothes out temperature inhomogeneities (Field 1965; Begelman & McKee 1990) . One can derive the Field length heuristically by considering thermal balance for a cool cloud of radius r embedded in a medium of temperature T . Electron thermal conduction sends energy into the cloud at a rate ∼ r 2 κ(T ) · T /r, where κ(T ) = 6 × 10 −7 T 5/2 f c ergs s −1 K −1 cm −1 is the Spitzer conduction coefficient and f c is a suppression factor depending on the magnetic field structure in the medium. Radiative cooling can rid the cloud of energy at a rate ∼ r 3 n 2 Λ(T ), where the cooling function Λ(T ) ∝ T 1/2 for T > 2 keV. Cooling and conduction are therefore in approximate balance for systems with a radius of order the Field length,
(2) Through a coincidence of scaling, the Field length is a function of entropy alone when free-free emission is the dominant cooling mechanism (Donahue et al. 2005) . Above these lines, conduction should be more effective than radiative cooling, causing cooler structures of scale < r to evaporate. Below these lines, radiative cooling should be more effective than conduction, allowing thermal instability to proceed. Solid lines show schematic entropy profiles of the form K(r) = K 0 + (150 keV cm 2 )(r/100 kpc) 1.2 , with K 0 = 0, 10, 20, 30, and 50, as labeled. Short-dashed blue lines give entropy profiles from (Cavagnolo et al. 2008a ) for clusters in which Rafferty et al. (2008) find central star formation. Dotted red lines give entropy profiles for clusters from Rafferty et al. (2008) without clear evidence for star formation and that also have no detectable Hα emission (Cavagnolo et al. 2008b ).
a subsystem with r > λ F . Conduction cannot stabilize that gas against cooling, allowing multiphase gas to persist and star formation to proceed. Above each line is the region of stability, in which conduction leads to evaporation and homogeneity.
For comparison, the solid lines in Figure 3 show schematic intracluster entropy profiles motivated by the large Chandra entropy survey of Cavagnolo et al. (2008a) . Fitting the form in equation (1) to those profiles gives K 100 = 146.8 ± 68.1 keV cm 2 and α = 1.22 ± 0.26 for clusters with K 0 < 50 keV cm 2 and temperatures ranging from 2 keV to 12 keV. The solid lines therefore represent typical intracluster entropy profiles with K 100 = 150 keV cm 2 , α = 1.2, and K 0 = 0, 10, 20, 30, and 50 keV cm 2 . Notice that only the schematic profiles with K 0 < 30 keV cm 2 , corresponding to clusters with central star formation and Hα emission, dip below the threshold for conductive stabilization corresponding to f c = 0.2. Colored lines giving entropy profiles from (Cavagnolo et al. 2008a ) reinforce this correspondence: shortdashed blue lines show Rafferty et al. (2008) clusters with central star formation, and dotted red lines show Rafferty et al. (2008) clusters without clear evidence for star formation and without detectable Hα emission (Cavagnolo et al. 2008b) .
This simple analysis suggests that conduction is responsible for the strong dependence of Hα emission and star formation on central entropy. Even though the suppression factor f c is uncertain, a threshold must exist in the K-r plane above which conduction heats and evap- Figure 2 . Conduction efficiency is quantified by finding the minimum value of κT /(Λ(T )nen H r 2 ) for each cluster. If this quantity is less than 1/fc, then conduction cannot offset radiative cooling. The fact that blue gradients appear only in clusters with κT /(Λ(T )nen H r 2 ) 5 somewhere in the cluster suggests that thermal conduction with fc ≈ 0.2 determines whether a long-lasting multiphase medium can be present in the cluster core.
orates cooler gas clouds faster than radiative losses can cool them. One therefore expects to see a transition from a multiphase ICM at low central entropy levels to a more homogeneous, isothermal ICM at higher entropy levels. The Hα observations are indicating that this transition is at approximately the expected location in the K-r plane for thermal conduction with f c ≈ 0.2. We note that the presence of such a threshold is independent of the origin of the line-emitting gas, which could come either from condensation of the ICM or from stripping of cool interstellar clouds from galaxies passing through the cluster core. Stripped gas in an ambient medium above the critical K(r) profile would quickly evaporate, while stripped gas in a medium below the profile could persist indefinitely.
A case-by-case analysis of the effectiveness of conduction in the clusters from Rafferty et al. (2008) agrees with the broader conclusions drawn from Figure 3 . For each cluster we have determined the minimum value of κT /[Λ(T )n e n H r 2 ], where Λ(T ) represents the full cooling function and not just free-free emission, from Chandra observations. If κT /[Λ(T )n e n H r 2 ] < f −1 c , then conduction cannot compensate for radiative cooling (see Figure  4) . The fact that blue gradients are seen only in the BCGs of clusters with κT /[Λ(T )n e n H r 2 ] 5 therefore provides further support for the idea that thermal conduction with f c ≈ 0.2 determines whether or not a BCG can form stars.
SUMMARY
Two recent studies have shown that the star-forming properties of BCGs depend on the entropy structure of the host cluster's ICM. Clusters with central entropy 30 keV cm 2 , corresponding to a cooling time 5 × 10 8 years often have BCGs with Hα emission (Cavagnolo et al. 2008b ) and blue cores (Rafferty et al. 2008) indicative of ongoing star formation, while none of the clusters with high central entropy show the same features. We suggest that this entropy threshold for star formation is set by the physics of thermal conduction. Clusters typically have entropy profiles that approximately follow the law K(r) = K 0 + (150 keV cm 2 )(r/100 kpc) 1.2 , with differing values of K 0 (Cavagnolo et al. 2008a) . If K 0 > 30 keV cm 2 , then conduction can carry heat energy toward the center of the cluster faster than the ICM can radiate it away, as long as the suppression factor f c 0.2. Therefore, we should not expect clusters with higher central entropy levels to have a persistent multiphase medium in their cores. Conversely, conduction in lower-entropy clusters cannot fully compensate for radiative cooling, allowing star formation to proceed. Guo et al. (2008) have recently presented a model explaining how AGN feedback can suppress star formation in these thermally unstable cluster cores. The correspondence we find between the observed star-formation threshold and the predictions of conductive models indicates that conduction indeed is important in cluster cores and may be crucial to the AGN feedback mechanism thought to regulate star formation in these systems. However, detailed hydrodynamical simulations including conduction will be necessary to determine more precisely how the phase structure of the ICM depends on a cluster's entropy profile.
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